Background--Elevated resting heart rate (HR) and low systolic blood pressure (SBP) are related to poor outcomes in heart failure (HF). The association between visit-to-visit variation in SBP and HR and risk in HF is unknown.
in HF, where patients usually present with low blood pressure. [1] [2] [3] In the Systolic Heart failure treatment with the I f inhibitor ivabradine Trial (SHIFT), it has been shown that in patients with systolic HF (ejection fraction ≤35%) and HR ≥70 beats per minute (bpm) 13 or ≥75 bpm, 14 selective HR reduction with ivabradine reduced cardiovascular death or HF hospitalization. This analysis aimed to rigorously characterize the association of SBP and diastolic blood pressure (DBP) and their visit-to-visit variation (CV [coefficient of variation]) as well as HR and HR-CV with cardiovascular outcomes in the SHIFT trial.
Methods Studied Patients and Procedures
The primary objectives, the protocol and the outcomes of SHIFT have been previously described in detail. 3, [13] [14] [15] In brief,
SHIFT was a randomized, double-blind, placebo-controlled outcomes trial in patients with sinus rhythm and chronic moderate-to-severe HF. Patients had left ventricular systolic dysfunction with an ejection fraction ≤35% and an HR ≥70 bpm in sinus rhythm. In total, 6505 patients in 37 countries (677 medical centers) were randomly assigned to either placebo or ivabradine 5 mg BID, which could be uptitrated to 7.5 mg BID or downtitrated to 2.5 mg BID depending on tolerability and HR. HR was measured by a 12-lead electrocardiogram on 2 consecutive visits before randomization, at baseline, and at every follow-up visit in the study. The primary endpoint was the composite of cardiovascular death or hospitalization for HF. Secondary endpoints included the individual components of the primary endpoint, HF death, all-cause hospitalization, and all-cause death. All outcomes were adjudicated by an endpoint validation committee according to predefined criteria. 13, 15 Blood pressure was measured at every visit preferably on the same arm after at least 5 minutes of rest with patients in a seated position. The study was reviewed by an institutional review board, and all patients gave written consent. Visit-to-visit variation of systolic and diastolic blood pressure (SBP-CV and DBP-CV) has previously shown to be reproducible and applicable in clinical practice. 16 The average of several measurements over time has been shown to provide more-precise information on the risk for cardiovascular events in a population of patients after myocardial infarction (MI) or stroke. 17 Mean BP and mean HR were calculated using measurements at each postbaseline visit. Visit-to-visit variation of BP and HR were calculated as a CV, that is, the ratio of SD to the mean (CV=SD/mean9100%).
Measurements from all postbaseline visits were included. Altogether, 7AE2.4 visits (range, 2-12) were available for the whole group (placebo: 6.8AE2.5; range, 2-12; ivabradine:
7.1AE2.2; range, 2-12). Data were analyzed for all visits and in a sensitivity analysis for patients with a minimum of 3 visits.
Statistical Analysis
Descriptive statistics are presented as meanAESD for continuous variables and as numbers and percentages for categorical variables. Distributions of patients according to mean HR, HR-CV, mean SBP, and SBP-CV were divided into thirds, allowing statistical evaluations of the cohort with adequate group sizes. Statistics in the thirds were tested for differences using ANOVA for continuous data and chi-square for categorical data. 
Results

Correlation of Mean SDs and CVs
CV was chosen as a measure of variation because it is more independent of the mean than SD. The correlation between HR-CV and HR mean was not significant (r=0.017; P=0.35) in the placebo population. It was slightly more pronounced, but still weak (r=0.108; P<0.0001), in patients treated with ivabradine. In contrast, the association of mean HR to SD of HR was r=0.27 (P<0.0001) in patients on placebo and r=0.36 (P<0.0001) in patients on ivabradine. Similar results were obtained with blood pressure: mean SBP was related to SD of SBP with placebo (r=0.27; P<0.0001) and with ivabradine (r=0.32; P<0.0001). The association was weaker for SBP-CV with placebo (r=0.05; P=0.0123) and with ivabradine (r=0.10; P<0.0001). Therefore, CV was chosen for the analysis instead of SD, because it was less dependent on the mean. There was a weak correlation between mean SBP and mean HR (À0.054; P=0.0034) with placebo, but none with ivabradine (r=0.014; P=0.45), whereas the correlation between SBP-CV and HR-CV was moderate with placebo (r=0.09; P<0.0001) and ivabradine (r=0.11; P<0.0001).
Demographics and Clinical Characteristics
Demographic data and clinical characteristics are presented for in-trial mean HR and in-trial mean SBP in patients assigned either to placebo or ivabradine (Tables 1 through 4) . Table 1 shows baseline characteristics of placebo patients according to thirds of mean HR. There were some statistical differences, some of which might be relevant. Elderly people tend to have lower HR, whereas patients with lower left ventricular function and current smokers have higher HR. There were differences according to use of beta-blocker, with patients on betablockers and, in particular, those on higher doses having lower HR. Similar results were observed in the ivabradine population (Table 2) . Table 3 summarizes baseline characteristics according to thirds of mean SBP. Patients with low SBP appear to be younger and also have lower DBP. Higher beta-blocker dose was more frequently observed in patients with higher SBP. Similar results were obtained in the ivabradine group (Table 4) . Analyses were done on group sizes of between 961 and 988. We report on the data of all visits available. When patients with 1, 3, or more visits were evaluated in a sensitivity analysis, similar results were obtained (not shown).
Clinical Outcomes According to HR and HR-CV Figure 1 shows the association of the primary endpoint (cardiovascular death or heart failure hospitalization; Figure 1A) , HF hospitalization ( Figure 1B) , and all-cause mortality ( Figure 1C ) with mean HR in patients on placebo (left) and in patients on ivabradine (right). There was a clear association between increased cardiovascular outcomes and higher mean HR in both the placebo group (left) and the ivabradine group (right). This was true not only for the primary endpoint and HF hospitalization, but also for all-cause mortality. The associations were similar in the ivabradine group (right panels), which had lower mean HR as a whole (data not shown), for these 3 endpoints.
Slightly different results were observed with HR-CV. The middle third had the lowest nominal risk (Figure 2) , with a significant increase of risk in the third with the lowest HR-CV. For the primary endpoint, the lowest third of HR-CV was associated with the highest risk on placebo (Figure 2A, left) . This effect was attenuated with ivabradine ( Figure 2A, right) . Similar results were obtained for HF hospitalization (Figure 2B ) and all-cause mortality ( Figure 2C ). Figure 3 summarizes adjusted hazard ratios for HF outcomes according to mean HR and HR-CV. There was a step-wise increase in the risk for the primary endpoint, cardiovascular mortality, HF hospitalization, all-cause mortality, and all-cause hospitalization with increased HR in the placebo group ( Figure 3A ) and the ivabradine group (data not shown). For HR-CV, the middle tertiles of the placebo group ( Figure 3B ) and ivabradine group (data not shown) had the lowest risk. Furthermore, HR-CV, at all stages, appeared to be higher in the ivabradine group than in the placebo group (data not shown).
Interaction of HR and HR-CV
In order to test whether there was an interaction between mean HR and HR-CV on risk of HF outcomes, outcomes were analyzed according to thirds of HR and HR-CV. The risk for the primary endpoint ( Figure 4A ), cardiovascular mortality (Figure 4B) , and HF hospitalization ( Figure 4C ) was greatest in patients with the lowest third of HR-CV and highest third of mean HR; risk was lowest patients in the middle third of HR-CV and with the lowest mean HR. These associations were more pronounced in patients on placebo (left) than in those on ivabradine (right), where risk was generally lower. Importantly, Clinical Outcomes According to SBP and SBP-CV Figure 5 summarizes the association between third of mean SBP and risk of the primary endpoint ( Figure 5A ), HF hospitalization ( Figure 5B ) and all-cause mortality ( Figure 5C ) in the placebo (left) and ivabradine (right) groups. The lowest third of SBP (ie, <117 mm Hg) was predictive of the highest outcome rates, whereas risk appeared broadly similar for patients in the middle and upper thirds. For patients on placebo (left) and ivabradine (right), log-rank P was <0.001. Figure 6 summarizes the effect of SBP-CV on the risk of heart failure outcomes. Interestingly, the lowest third of SBP-CV was predictive for the greatest risk of the primary outcome ( Figure 6A ), HF hospitalization ( Figure 6B ) and all-cause mortality ( Figure 6C ) in the placebo group (left) and ivabradine group (right). For all associations, log-rank P<0.001, except for all-cause mortality with placebo (P=0.004). 
Clinical Outcome According to DBP and DBP-CV
We also determined the effect of mean DBP and DBP-CV on the risk of HF outcomes. As with SBP, patients with the Figure 1 . Kaplan-Meier event curves for the primary endpoint (cardiovascular death or heart failure hospitalization) (A), heart failure hospitalization (B), and all-cause mortality (C) in placebo (left) and ivabradine (right) patients according to thirds of mean rate (heart rate mean) tertiles. Cox regression P values are given. HR CV indicates coefficient of heart rate variation.
lowest third of DBP had the highest risk (Figure 9 ), whether they were taking placebo (left) or ivabradine (right).
Patients with the lowest third of DBP-CV also had the highest risk ( Figure 10 ). Adjusted hazard ratios for HF outcomes according to mean DBP and DBP-CV are summarized in Figure 11 . Interaction between mean DBP and DBP-CV was similar to that between mean SBP and SBP-CV ( Figure 12 ). Figure 2 . Kaplan-Meier event curves for the primary endpoint (cardiovascular death or heart failure hospitalization) (A), heart failure hospitalization (B), and all-cause mortality (C) in placebo (left) and ivabradine (right) patients according to thirds of coefficient of heart rate variation (HR CV). Cox regression P values are given.
Effect of Ivabradine on HR-CV and SBP-CV
Whereas the effect of ivabradine on outcome reduction is known to be related to reduction in HR, 5, 13 its effects on HR-CV and SBP-CV were unknown. We tested the difference between placebo-and ivabradine-treated patients according to median or mean values of HR, SBP, DBP, HR-CV, SBP-CV, and DBP-CV (Table 5) . Mean HR values were significantly reduced by ivabradine compared to placebo. Whereas mean SBP increased slightly with ivabradine, no significant differences were detected in mean DBP. Interestingly, treatment with ivabradine increased HR-CV and led to small absolute increases in SBP-CV and DBP-CV.
Discussion
In this analysis, we have shown that the individual visit-to-visit variations in HR and SBP together with mean HR and mean SBP were associated with cardiovascular outcomes in a population of patients with systolic HF on contemporary Figure 3 . Adjusted hazard ratios show the association in placebo patients between thirds of heart rate (A, HR mean, left) and heart rate coefficient of variation (B, HR CV, right) and the primary endpoint (cardiovascular death or hospitalization for heart failure), cardiovascular mortality (CV mortality), heart failure hospitalization (HF hospitalization), all-cause mortality, and all-cause hospitalization. Figure 4 . Interaction between mean heart rate (HR mean) and heart rate coefficient of variation (HR CV) for the primary endpoint (cardiovascular death or heart failure hospitalization) (A), cardiovascular mortality (B), and heart failure hospitalization (C) in placebo (left) and ivabradine (right) patients.
mortality and early rehospitalization for worsening HF. These studies are mainly based on a single measurement of HR and SBP. By using the mean of multiple measurements, our findings agree with these previous studies, showing that risk of the primary endpoint of SHIFT was related to tertiles of baseline HR. After HR was reduced by ivabradine, there was a reduction in HF death, HF hospitalization, and a nonsignificant reduction of cardiovascular death in the overall SHIFT population. 14, 15 We also showed that the association of HR to risk was sustained when HR remained high, despite treatment with ivabradine. This is in line with the finding that in patients with low HR on ivabradine, there was a strong risk Figure 5 . Kaplan-Meier event curves for the primary endpoint (cardiovascular death or heart failure hospitalization) (A), heart failure hospitalization (B), and all-cause mortality (C) in placebo (left) and ivabradine (right) patients according to thirds of mean systolic blood pressure (SBP mean).
reduction, whereas there was a high residual risk in patients whose HR did not decline on treatment. 5 Adjusting risk by the number of heart beats reduced neutralized risk reduction by ivabradine in SHIFT. 5 The novelty of this report is that low visit-to-visit variation of SBP and HR are also associated with risk in this population, who usually present with low or normal SBP, 1-3 but high HR. 4, 5 Here, we investigated the mean HR and SBP values over all visits during the observation periods. It has been shown that in patients at higher cardiovascular risk, mean SBP and HR Figure 6 . Kaplan-Meier event curves for the primary endpoint (cardiovascular death or heart failure hospitalization) (A), heart failure hospitalization (B), and all-cause mortality (C) in placebo (left) and ivabradine (right) patients according to thirds of coefficient of variation of systolic blood pressure (SBP CV). Cox regression P values are given. measured at several visits long term is more predictive of outcomes than HR and SBP measured just at baseline. 17 In hypertensive individuals, in addition to long-term mean SBP, variation of SBP is predictive of, and also independently associated with, risk. 8, 9 Mechanistically, it was suggested that this variation is associated with episodic peaks and, thus high variance of SBP might be important in the short run for triggering of vascular events. 18 In the HF population of SHIFT, patients with the lowest SBP variation had the highest subsequent risk. Patients with low SBP and low SBP-CV were at the highest risk, providing evidence that HF patients with persistently low BP have the highest risk. Again, this is opposite to what is observed in hypertension. Interestingly, here, we show that not only low SBP-CV, but also low HR-CV is associated with outcome. Patients in the middle third of HR-CV nominally had the lowest risk. Risk was particularly high in HF patients with low HR-CV and high mean HR. Clinically, it is important for physicians to note that patients presenting constantly with high HR and low SBP at several visits over time are at a particularly high risk of death or hospitalization. Figure 7 . Adjusted hazard ratios show the association in placebo patients between thirds of systolic blood pressure (A, SBP mean, left) and systolic blood pressure coefficient of variation (B, SBP CV, right) and the primary endpoint (cardiovascular death or hospitalization for heart failure), cardiovascular mortality (CV mortality), heart failure hospitalization (HF hospitalization), all-cause mortality, and all-cause hospitalization.
ated with increased risk. This indicates that, as with mean SBP, the SBP-CV risk relation in HF is opposite to that in hypertension. Nonadherence to the study medication, ivabradine, and to placebo amounted to 21% and 19%, respectively. However, we did not capture adherence to accompanying HF cotreatment, all affecting at least blood pressure. Thus, we cannot say whether adherence changes to those drugs contribute to this finding. Because the association occurs on ivabradine and on placebo, nonadherence does not likely play a role. Thus, eventually, autonomic dysfunction related to p<0.001 p<0.001 Figure 9 . Kaplan-Meier event curves for the primary endpoint (cardiovascular death or heart failure hospitalization) (A), heart failure hospitalization (B), and all-cause mortality (C) in placebo (left) and ivabradine (right) patients according to third of mean diastolic blood pressure (DBP). Cox regression P values are given.
persistent high HR or severely impaired cardiac output associated with low SBP resulting in a small variation might also play a role in higher event rates. Beyond hypertension, the effect of visit-to-visit variation of BP was shown to be predictive in subjects with diabetes, which might also be influenced by the degree of autonomic dysfunction. 24 Interestingly, the association between SBP as well as SBP-CV to risk was not, or minimally, changed by ivabradine. In contrast, ivabradine increased HR-CV. It has previously been shown that several antihypertensive drugs differentially affect Figure 10 . Kaplan-Meier event curves for the primary endpoint (cardiovascular death or heart failure hospitalization) (A), heart failure hospitalization (B), and all-cause mortality (C) in placebo (left) and ivabradine (right) patients according to third of diastolic blood pressure coefficient of variation (DBP CV). Cox regression P values are given.
SBP-CV, which has been shown to be related to their effects of reducing stroke. 22 In SHIFT, 14, 15 the effect of ivabradine is attributed to HR reduction, given that risk reduction is neutralized when the effects were adjusted for the reduction of HR by ivabradine. 5 Here, we have documented that HR-CV was increased by ivabradine. Therefore, in patients with low HR-CV, restoration of HR variation by ivabradine might add another contributing mechanism, or at least indicator, for the risk-reducing effect of the I f inhibitor beyond HR reduction itself. However, this analysis is hypothesis generating because we cannot say how much this finding could contribute to risk reduction by ivabradine. It could also be the consequence of improvement of HF with a reduction of neuroendocrine dysfunction after HR reduction by ivabradine.
Limitations
Some limitations of the present analysis should be acknowledged. This was a post-hoc exploratory analysis. Individuals were not subjected to randomization. Nevertheless, the large Figure 11 . Association in placebo patients between thirds of diastolic blood pressure (A, DBP mean, left)
and diastolic blood pressure coefficient of variation (B, DBP CV, right) and the primary endpoint (cardiovascular death or hospitalization for heart failure), cardiovascular mortality (CV mortality), heart failure hospitalization (HF hospitalization), all-cause mortality, and all-cause hospitalization.
study population and the rigorous capture of HR and SBP data provide the statistical power to allow reliable analysis of the relationships to risk. In addition, these findings might have clinical importance because they show physicians that low SBP variation and low HR variation over a series of visits might provide important clinical information on future outcomes in HF patients. It has to be emphasized that these data apply to HF with systolic dysfunction, whereas in the HF population with preserved ejection fraction, no data are available.
Conclusions
The results of this post-hoc analysis in an HF population with systolic dysfunction treated with recommended drugs according to contemporary guidelines have shown that beyond HR and SBP, variations in these clinical parameters over time are predictive of risk. Physicians should therefore note that patients with low variation of HR and SBP might be at particular risk and require adjustment of treatment and careful follow-up. In HF, inverse epidemiology occurs: High SBP-CV is associated with higher risk in hypertension, [6] [7] [8] [9] [10] [11] but lower risk in systolic HF. Finally, ivabradine restored HR variation, which could be a marker for, or even contribute to, risk reduction beyond HR reduction.
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